Craniosynostosis is defined as the process of premature fusion of one or more of the cranial sutures. It is a common condition that occurs in about 1 to 2,000 live births. Craniosynostosis may be classified in primary or secondary. It is also classified as nonsyndromic or syndromic. According to suture commitment, craniosynostosis may affect a single suture or multiple sutures. There is a wide range of syndromes involving craniosynostosis and the most common are Apert, Pffeifer, Crouzon, Shaethre-Chotzen and Muenke syndromes. The underlying etiology of nonsyndromic craniosynostosis is unknown. Mutations in the fibroblast growth factor (FGF) signalling pathway play a crucial role in the etiology of craniosynostosis syndromes. Prenatal ultrasound`s detection rate of craniosynostosis is low. Nowadays, different methods can be applied for prenatal diagnosis of craniosynostosis, such as two-dimensional (2D) and three-dimensional (3D) ultrasound, magnetic resonance imaging (MRI), computed tomography (CT) scan and, finally, molecular diagnosis. The presence of craniosynostosis may affect the birthing process. Fetuses with craniosynostosis also have higher rates of perinatal complications. In order to avoid the risks of untreated craniosynostosis, children are usually treated surgically soon after postnatal diagnosis.
Introduction
Craniosynostosis is defined as the process of premature fusion of one or multiple cranial sutures. It is a common condition that occurs in about 1 to 2,000 live births [1] . Craniosynostosis may be classified in primary (caused by an intrinsic defect on the suture) or secondary (caused by other medical conditions, such as deficient brain growth) [1] and may also be classified as nonsyndromic (when it is isolated) or syndromic (when associated with other congenital anomalies) [2] . Premature closure of sagittal, bicoronal and metopic sutures is associated with dolichocephaly (or scaphocephaly), brachycephaly and trigonocephaly, respectively. When only one coronal or lambdoid suture is fused, plagiocephaly develops (ipsilateral forehead or occipital flattening). Cloverleaf and oxycephaly occur due to closure of multiple sutures [2] . Single-suture nonsyndromic synostosis comprises approximately 80% of craniosynostosis [3] [4] [5] . The frequency of the sutures involved is: sagittal, 40 to 58%; coronal 20 to 29%; metopic 4 to 10% and lambdoid 2 to 4% [1] .
There is a wide range of syndromes involving craniosynostosis and the most common are Apert, Pffeifer, Crouzon, Shaethre-Chotzen, and Muenke syndromes [6] . Genotype/phenotype correlation, prenatal ultrasound clues, prognosis and treatment will be considered.
Etiology and genetics
The underlying etiology and potential risk factors of nonsyndromic craniosynostosis are unknown. Studies have shown association with positive family history and exposure to some medications, such as clomiphene cit-rate for infertility treatment [7] , fluconazole [8] , sodium valproate [9] and citalopram [10] .
Positive family history, parental age, habits and use of teratogenic substances should also be accessed [5] . Genetic investigations have shown that mutations in the fibroblast growth factor (FGF) signalling pathway play a crucial role in the etiology of craniosynostosis syndromes. The FGF family of molecules regulate cell proliferation, differentiation and migration and act through the fibroblast growth factor receptors (FGFR). Gain-offunction mutations in FGFR1 and FGFR3 have been associated with syndromes related to craniosynostosis, as well as mutations in several transcription factors of the same pathway (e.g. loss-of-function due to mutation in TWIST1, which is thought to negatively regulate FGFR1) [1] .
Prenatal diagnosis
Reports on prenatal ultrasound examination of cranial sutures are relatively rare in the literature [2, [11] [12] [13] and the detection rates of craniosynostosis are low [14, 15] . A retrospective study including 618 cases of isolated craniosynostosis revealed that only 2 cases (0.3%) were known to have been diagnosed prenatally [16] . Although the majority of recent reports on prenatal diagnosis of suture fusion anomalies are related to syndromic cases [17] [18] [19] [20] [21] , they contribute to detection of nonsyndromic craniosynostosis. Nowadays, different methods can be applied for prenatal diagnosis of craniosynostosis, such as two-dimensional (2D) and three-dimensional (3D) ultrasound, magnetic resonance imaging (MRI), computed tomography (CT) scan and, finally, molecular diagnosis. Further considerations will be made on this topic in the next section.
Prenatal ultrasound diagnosis, though difficult, should prompt diagnosis of craniosynostosis by visualization of indirect signs, such as abnormal cephalic index (CI), cranial shape and/or face morphology [22] . CI, which consists in the relationship between biparietal and occipto-frontal diameters, is considered normal from 75 to 85%. Dolichocephaly is defined by a CI below 75% and brachycephaly by a CI above 85% [23] . Abnormal calvarium contour can also be found as unilateral cranial flattening, asymmetries or cloverleaf shaped skull. The brain parenchyma and the cerebral ventricles should also be evaluated as fetuses with craniosynostosis may exhibit enlarged cerebral ventricles [14] . Facial anomalies, especially in the size and shape of the orbits may be associated with craniosynostosis [3] . Hyper or hypotelorism may be related to craniosynostosis when the anterior coronal and frontal sutures are involved, respectively [22] . It is important to highlight that, in cases of isolated dolichocephaly or brachycephaly up to 80% may have a normal outcome [2] . The ultrasound diagnosis of craniosynostosis per se is made when there is a loss of hypoechogenicity in a segment of the normal skull sutures, which is usually associated with an enlargement of other orthogonal sutures [22] . However, in a retrospective study of fetuses at risk for craniosynostosis, dysmorphology and skull deformity preceded closure of the sutures by 4 to 16 weeks [2] . In a population at risk for this condition, the positive predictive value of direct examination of the sutures may be high, while in low-risk pregnancies it may be minimal, and further investigation may be necessary (3D ultrasound, CT scan or MRI) [2, 20] .
The most important consideration in the prenatal ultrasound assessment of craniosynostosis is the distinction between isolated and syndromic craniosynostosis. Therefore, it is extremely relevant to detail fetal anatomy as a whole. Special attention should be paid to fetal hands and feet, long bone growth, central nervous system and heart [3] . The evaluation of fetal head, face and sutures can be complemented by 3D ultrasound [11, 13, 24] . A report has shown that 3D ultrasound revealed diagnostic features of Apert syndrome, such as wide metopic suture and absent coronal sutures earlier than 2D ultrasound [25] . In addition, it was possible to measure metopic gap using 3D ultrasound in cases of Apert syndrome [26] . 3D ultrasound may also be useful in the evaluation of hand, feet and facial features, especially in syndromic cases [27, 28] . Besides, it can improve parental counselling [29] . Reports on fetal magnetic resonance imaging (MRI) of craniosynostosis are rare in the literature; however MRI can be considered complimentary [30] to ultrasound and seems to have negative predictive value when synostosis is suspected on ultrasonography [15] . Cranial sutures cannot be visualized directly, but indirect signs such as skull deformities can be seen as temporal indentations ("notch at the level of coronal sutures") or thickening of the calvarium in the region of the suture [15] . Furthermore, brain abnormalities may be present and MRI can provide a good assessment of them [15, 22, 31] . Furthermore, MRI may also contributes, such 3D ultrasound, in the evaluation of hands and feet and differential diagnosis between syndromic craniosynostosis [32] .
3D CT is another diagnostic investigation that allows direct examination of cranial sutures, bony anatomy of fetal face and skull base [15, 33] . The disadvantage of such technique is the presence of fetal irradiation, although the theoretical exposure to radiation is very similar to that of conventional fetal radiological examination or pelvic CT scanning in pregnancy (3 mGy) [34] .
other syndromes characterized by acrocephaly in Crouzon syndrome while Carpenter syndromes results from synostosis of coronal, sagittal and lambdoid sutures and Pfeiffer syndrome closure of sagittal and coronal sutures [25] . Fetal MRI may be useful in the evaluation of associated intracranial conditions, such as vetriculomegaly, agenesis of corpus callosum (ACC) and abnormalities of the septum pellucidum, commonly seen in Apert syndrome [30] . Frontal lobe overexpansion (bulging of the surface of the temporal lobe beyond the contour of the adjacent frontoparietal lobe) and overconvolution have also been described by MRI and are associated with intellectual disability [18] . Fetal MRI has proved to be useful in the examination of the fetal face (beaked nose, hypertelorism) and palate (cleft palate) [18] . Nonetheless, fetal echocardiogram should be performed, given that cardiac malformations are also frequently associated with the syndrome [3] . In the presence of the above findings, genetic counselling is recommended and molecular prenatal diagnosis may be offered.
Although prenatal ultrasound diagnosis of craniosynostosis is usually suspected in the second or third trimester, molecular diagnosis may rely on either chorionic villus sampling (particularly useful in case of recurrence) or amniocenteses or by preimplantation diagnosis [1] considering that fetal karyotype is usually normal [35] . Fluorescence in situ hybridization (FISH) and arraycomparative genomic hybridization (a-CGH) may be applied to fetal DNA [36] .
Common craniosynostosis syndromes all show dominant inheritance but most cases are sporadic and result from de novo mutation or a genotype/phenotype correlation may not be demonstrated. For these reasons, genetic counselling can be challenging [37] . Recently, non-invasive prenatal diagnosis (NIPD) based on cellfree fetal DNA in maternal blood has been tested for antenatal, non-invasive diagnosis of single-gene disorders although some concerns have been raised (rarity of the condition and availability of suitable technical platforms) [38] . Enrichment of fetal mutated alleles in maternal plasma based on CO-amplification at lower denaturation temperature-PCR (COLD-PCR) has been used for NIPD of craniosynostosis. The method enabled correct identification of the paternally inherited mutated allele, in accordance with the result obtained on DNA extracted from chorionic villi [39] .
Differential diagnosis

Apert syndrome
Apert syndrome (OMIM #101200) is a rare condition characterized by a triad: craniosynostosis, midface hypoplasia and cutaneous and bony symmetrical syndactyly of hands and feet. The prevalence is around 1 in 65,000 newborns and it accounts for about 4.5% of all cases of craniosynostosis [35] . Two FGFR2 mutations (S252W and P253R) located on chromosome 10q26 are responsible for 98% of cases and a paternal age effect in de novo mutations has been shown [1] . A variety of malformations, particularly in central nervous system (CNS), can be associated with the syndrome. Cardiac and urogenital disorders are also frequently found. In 2D ultrasound evaluation, abnormal skull shape (turribrachycephaly -shorter and wider than normal skull, with compensatory vertical growth), facial abnormalities and the absence of distinct and separate movements of the fingers and toes ("mitten type" syndactyly) are the clues for the diagnosis [3, 40] (Fig. 1 and  Fig. 2 ). In Apert syndrome there is bilateral fusion of the coronal sutures and a widened metopic suture, with sagittal suture extending from the glabella to the posterior fontanella, which can be well demonstrated by 3D ultrasound. This feature contributes to the differentiation with Apert syndrome findings in a fetus with 26w6d of gestation using 2D ultrasound (sagittal view) (A) and 3D ultrasound (rendering and HDlive modes, respectively) (B and C). Synostosis coronal, frontal bossing, wide metopic suture, nasal bridge depression, hypertelorism with proptosis bilateral and maxillary hypoplasia with relative prognathism.
Fig 2.
Apert syndrome findings in a fetus with 25w1d of gestation by 3D ultrasound using the software tomography ultrasound imaging (TUI). Synostosis coronal, frontal bossing, wide metopic suture, and nasal bridge depression.
Pfeiffer syndrome
Pfeiffer syndrome (OMIM #101600) is characterized by craniosynostosis (mostly involving coronal sutures), midface hypoplasia (and other facial features secondary to synostosis) and anomalies of hand and feet (broad thumbs and great toes deviated away from other digits) [41] . It affects about 1 in 100,000 individuals and three subtypes have been identified [42, 43] . Type 1 is caused by heterozygous mutations in the FGFR1 gene located on chromosome 8p11.23 while type 2 and type 3 are due to mutation on FGFR2 located on 10q26.13, respectively. Prenatal ultrasound diagnosis of Pfeiffer syndrome has been reported. Abnormalities in skull shape (brachycephaly, acrocephaly, cloverleaf skull), face (small nose, low nasal bridge and bulging front) and hands/feet (broad thumb/big toe) are usually the main phenotypic features [28, 41] . The presence of "big eyes" or proptosis and hypertelorism may be also relevant [41, 42] . Polyhydramnios has been associated with Pfeiffer type 1 and type 2, and close monitoring of pregnancy should be performed in these cases [32, 44] . Moreover, other visceral abnormalities may eventually be detected by 2D ultrasound. 3D ultrasound contributes to evaluation of coronal synostosis, fetal face and limbs [28] . Exophthalmos, for instance, can be better seen by 3D ultrasound [32] .
While Pfeiffer syndrome type I is compatible with life and has a normal intellectual development, Pfeiffer syndrome type II and type III are associated with poor prognosis (early death or psychomotor and mental retardation in survival) [45] , molecular diagnosis is fundamental for genetic counselling [46] and antenatal management. In surviving infants, improvement in intellectual development following cranioplasty has been reported in only one case [47] . Associated anomalies such as ventriculomegaly can be seen in all three types of Pfeiffer syndrome as well as choanal or laryngotracheal abnormalities, cleft palate, sacrococcygeal eversion/appendage and congenital heart disease may be present in types 2 and type 3 [32, 42] .
Crouzon syndrome Crouzon syndrome (OMIM #123500) is an autosomal dominant (AD) disease caused by mutation in FGFR2 located on 10q26.13 and has an incidence in about 1: 25,000 live births [6] . If FGFR2 mutation is not found, a p.Ala391Glu FGFR3 mutation should be suspected and tested for a p.Ala391Glu FGFR3 mutation, responsible for Crouzon syndrome with acanthosis nigricans (CAN) [27] . Typical Crouzon phenotype includes brachycephaly, shallow orbits with proptosis, midface hypoplasia and anterior open bite (because of midface hypoplasia associated with normal mandibular growth). Commonly, no limb anomalies are associated with the condition [6, 27] . Cranial synostosis is normally bilateral and involves the coronal suture with eventual pansynostosis; intellectual development is usually normal [1] . Crouzon syndrome can be suspected by 2D and 3D ultrasound by findings of brachycephaly, hypertelorism, ocular proptosis, and beaked nose. Prognosis is characterized by mental retardation, hearing loss and speech delay can be found in Crouzon syndrome [48] .
Saethre-Chotzen syndrome Saethre-Chotzen syndrome (OMIM #101400) may recognize haploinsufficiency mutation in TWIST1 gene located on 7p21.11 chromosome or mutation in the FGFR2 located on chromosome 10q26.13 [36] . The syndrome has a birth prevalence of 1 per 50,000 to 1 per 25,000 and phenotype includes uni or bicoronal synostosis, facial asymmetry, low frontal hairline, hypertelorism, blepharoptosis, arched palate, small ears, brachydactyly, broad toes and cutaneous syndactyly or clinodactyly [36, 40] . Prenatal 2D ultrasound diagnosis can be suspected by presence of brachycephaly, mid-face hypoplasia and limb defects although detection rate of ultrasound is poor [36, 40] . Polyhydramnios and cardiac anomalies may be associated findings and fetal echocardiogram is recommended [49] . Intelligence is usually normal, although individuals with large genomic deletions are more likely to have developmental delays [50] .
Muenke syndrome Muenke syndrome (OMIM #602849) is described as a P250R mutation in FGFR-3 on chromosome 4p16.3 with an incidence of 1 in 10,000 and an AD inheritance pattern with variable expressivity even within the same family [51] . It is estimated that Muenke syndrome may accounts for 10% of unilateral coronal or bilateral coronal synostosis cases that were previously believed to be nonsyndromic in origin [6] . Diagnostic clue of the disease is a thimble-like middle phalanges while midface hypoplasia is not a common [6] . Frontal bossing has been described at third trimester scan [52] . Strabismus is common as hearing loss (33%-100% of affected individuals), developmental delay (~33%), epilepsy, intracranial anomalies and intellectual disability.
Treatment
In order to avoid craniosynostosis related complications, children are usually treated surgically by a multispecialist team to unlock and reshape the cranial bones [4] . Surgical correction of craniosynostosis may not alter the mental retardation [53] . Acute care of newborn infants with severe multiple synostosis is directed towards maintenance of the upper airway, feeding support, eye protection, and treatment of raised intracranial pressure (ICP), when present. Raised ICP associated with craniosynostosis has several different causes, which require different treatments. Hydrocephalus needs shunt placement; ob-structive sleep apnea is treated by improving the airway. Craniocerebral disproportion (the consequence of craniosynotosis) requires calvarial expansion. Foramen magnum decompression might be required if there is tonsillar herniation. In multiple synostosis, abnormal venous drainage poses a significant hazard when operating on the back of the skull [40] . The need for secondary revision procedures is inversely related to the age of the affected individual at the time of initial repair. The location of the fused/synostotic suture, type of fixation, and the use of bone grafting do not have a significant effect on the need for revision [54] .
Elective surgical treatment of craniosynostosis has three major objectives, which are correction of skull deformity, prevention of its progression and reduction of future risk to develop increased ICP. Depending on severity, the first craniosynostosis repair (fronto-orbital advancement and cranial vault remodeling) is typically performed between ages three and six months. An alternative approach is endoscopic strip craniectomy, which is a less invasive procedure and is typically performed prior to age three months [54] .
Prognosis
The presence of craniosynostosis may affect the birthing process by increasing unplanned Cesarean delivery rate and birth trauma, probably due to cephalopelvic disproportion [14] . In addition, there is a significantly higher rate of malpresentations at birth (abnormal cephalic and breech presentations) [14, 18] . An improvement in the prenatal diagnosis of these diseases could contribute to the reduction of maternal-fetal trauma [14] . Fetuses with craniosynostosis also have higher rates of perinatal complications, such as lower Apgar score and lower pH values as compared with control group [18] . After birth, untreated craniosynostosis may result in worsened cranial deformity, cranial growth restriction and increased intracranial pressure, as observed mainly in syndromic cases [4] . In a recent review, the majority of studies showed that children with craniosynostosis are at elevated risk for adverse neurodevelopmental functioning during infancy and early childhood [19] . Airway obstructions are observed in 40% of patients with severe craniosynostotic syndromes [55, 56] . Obstruction may be secondary to midface hypoplasia or lower airway obstruction, tonsillar and adenoid hypertrophy, or choanal atresia. Airway obstruction may result in apnea and cor pulmonale and may require tracheostomy [57] . Mental delay or retardation may occur in approximately one-half of these cases [58] . The frequency of increased intracranial hypertension and the risk of mental impairment depend on the age of the child and the type of craniosynostosis [59] . Abnormalities of the extremities may be symptomatic. Foot and toe deformities may lead to foot problems and pain [60] . Table I summarizes the main findings of craniosynostosis syndromes.
Conclusion
Craniosynostosis is the premature fusion of one or more cranial sutures. Premature fusion restricts the growth of the skull perpendicular to the affected suture. Compensatory skull growth occurs parallel to the affected suture in order to accommodate the growing brain. Despite the great advancement in the molecular diagnosis of craniosynostosis, prenatal ultrasound still carries a low detection rate as genotype/phenotype correlations are frequently overlapping between these syndromes. Postnatal multispecialist surgery is essential in preventing intracranial hypertension, improving socialization by normalizing the appearance of the face and head.
